Transmembrane hydrophobic peptide Lecithin retinol acyltransferase Retinol dehydrogenase R9AP Monolayer Circular dichroism and infrared spectroscopy Membrane binding of proteins such as short chain dehydrogenase reductases or tail-anchored proteins relies on their N-and/or C-terminal hydrophobic transmembrane segment. In this review, we propose guidelines to characterize such hydrophobic peptide segments using spectroscopic and biophysical measurements. The secondary structure content of the C-terminal peptides of retinol dehydrogenase 8, RGS9-1 anchor protein, lecithin retinol acyl transferase, and of the N-terminal peptide of retinol dehydrogenase 11 has been deduced by prediction tools from their primary sequence as well as by using infrared or circular dichroism analyses. Depending on the solvent and the solubilization method, significant structural differences were observed, often involving α-helices. The helical structure of these peptides was found to be consistent with their presumed membrane binding. Langmuir monolayers have been used as membrane models to study lipid-peptide interactions. The values of maximum insertion pressure obtained for all peptides using a monolayer of 1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE) are larger than the estimated lateral pressure of membranes, thus suggesting that they bind membranes. Polarization modulation infrared reflection absorption spectroscopy has been used to determine the structure and orientation of these peptides in the absence and in the presence of a DOPE monolayer. This lipid induced an increase or a decrease in the organization of the peptide secondary structure. Further measurements are necessary using other lipids to better understand the membrane interactions of these peptides.
Introduction
Biological processes involving different types of proteins take place at the cell membrane surface, such as signal transduction cascades. For example, the membrane-embedded G-protein coupled receptors have been shown to activate peripheral membrane G-proteins which, in turn, stimulate several additional membrane-associated proteins (for reviews, see [1] [2] [3] [4] [5] [6] ). In fact, biological membranes contain a large number of different integral membrane proteins, which collectively constitute~30% of the cellular proteome [7, 8] . Proteins can bind membranes by use of one or several hydrophobic transmembrane segments [9] [10] [11] , fatty acylation [12] [13] [14] , or a small hydrophobic stretch located at the protein surface [15] . In particular, N-and/or C-terminal membraneanchoring segments allow membrane binding of proteins of the short chain dehydrogenase/reductase (SDR) family [9, 10, 16, 17] . Moreover, tail-anchored (TA) proteins constitute an additional class of integral membrane proteins that are held in the phospholipid bilayer by a single C-terminal transmembrane stretch of hydrophobic amino acids (for reviews, see [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ). They constitute~5% of eukaryotic membrane proteins and they are found in all cellular membranes [28] . In addition, they carry out fundamental cell biological phenomena such as membrane biogenesis, apoptosis, vesicular trafficking, protein degradation and many others [24] [25] [26] . The N-and/or C-terminal transmembrane segments, presumably helical, of SDR and TA proteins allow their localization at the membrane surface and dictate their membrane topology [27] . The transmembrane segments may vary considerably in length, from less than 15 to nearly 40 amino acid residues [29] [30] [31] [32] . In the present review, the properties of the peptides corresponding to the transmembrane segment of SDR and TA proteins are compared to improve our understanding of their intricate interactions with membranes.
Retinol dehydrogenases 8 (RDH8) and 11 (RDH11) are members of the SDR family of proteins. Although some SDR enzymes share common substrates, they differ in regard to their subcellular localization, cofactor specificity, substrate affinity, and tissue distribution. It is commonly agreed that SDR enzymes preferring the NAD + cofactor act as dehydrogenases, whereas those preferring NADPH function as reductases [33] . RDH8 and RDH11 are involved in the visual cycle of retinoids (for reviews, see [34] [35] [36] [37] [38] [39] [40] ). During the visual cycle, the chromophore of rhodopsin, 11-cis retinal, is recycled from all-trans retinal by a series of enzymatic reactions taking place at the membrane of the photoreceptor outer segments as well as of the microsomes in the retinal pigment epithelium (RPE). RDH8 localizes exclusively to photoreceptor outer segments [41] . It has been shown to perform the reduction of all-trans retinal to all-trans retinol [42, 43] . The RDH8 gene encodes a protein with a molecular mass of 34 kDa [41] . Moreover, Luo et al. [44] have demonstrated that membrane association of RDH8 was conferred by its C-terminal segment. Their data also suggested that one or more of the three C-terminal cysteines are fatty acylated which could mediate membrane association of RDH8. RDH11 is a~35 kDa enzyme that uses NADP(H) as a cofactor [45, 46] . It is expressed not only in various tissues such as the prostate, brain, heart, liver and testis, but also in the RPE [47] . RDH11 is partly responsible for the production of 11-cis-retinal from 11-cis-retinol in vivo [48, 49] . However, it catalyzes the reduction of retinal~50-fold more efficiently than it does the oxidation of retinol in vitro. Protease protection assays allowed to suggest that RDH11 is anchored to the membrane by use of its N-terminal signal-anchor domain [50] .
Lecithin retinol acyltransferase (LRAT) catalyzes the esterification of all-trans retinol to retinyl esters in the RPE as well as in other tissues including the testis, liver, and intestine [51] [52] [53] [54] . It has a molecular mass of 25 kDa [55] . Its primary sequence is novel and it does not show any homology to enzymes that catalyze similar reactions nor to any protein of known function [55] . LRAT is thus the founder member of a new family of proteins [56] . The analysis of its amino acid sequence allowed to postulate that its N-and C-terminal segments could include hydrophobic transmembrane domains [55] . Only the C-terminal transmembrane domain has been recently proposed to be essential for membrane targeting [57] . However, both N-and C-terminal segments have been shown to behave similarly; indeed their binding, secondary structure content and orientation in lipid monolayers are almost identical [58] . It has thus been postulated that both N-and C-terminal hydrophobic α-helical peptides could serve to anchor LRAT to the membrane [58] .
The regulator of G-protein signaling (RGS)-9-1 is a GTPase accelerating protein. It allows to accelerate the GTPase activity of the α subunit (Gα) of the visual G-protein called transducin when bound to phosphodiesterase [59] . RGS9-1 plays an essential role in the light response of vertebrate photoreceptors [60] . RGS9-1-anchor protein (R9AP) is a photoreceptor-specific phosphoprotein of~25 kDa [61] . It was shown to interact with the N-terminal domain of RGS9-1. R9AP has been proposed to contain a transmembrane helix at its C-terminus on the basis of its hydropathy index, which would allow anchoring of RGS9-1 to photoreceptor membranes [61] . R9AP is also a member of the tailanchored membrane proteins [28] . Membrane attachment of a protein complex (RGS9-1-Gα) by R9AP is also very important because it has been shown to allow protection of this complex from intracellular proteolysis in photoreceptors [62] .
The retinoids are very hydrophobic molecules. Therefore, RDH8, RDH11 and LRAT must be closely associated to membranes to perform their enzymatic activities. In this regard, retinol dehydrogenases, devoided of their C-terminal tails, display greatly reduced enzymatic activity [63] . Moreover, R9AP stimulates the activity of RGS9-1-Gαβ complex~4-30-fold by membrane targeting [64, 65] . Therefore, the postulated membrane anchoring of RDH8, RDH11, LRAT and R9AP by their N-and/or C-terminal transmembrane segments is very critical for their function. The present review will thus focus on recent results gathered by our group on the spectroscopic and monolayer-binding properties of the C-terminal peptide of bovine RDH8 (RDH8-Cter), the N-terminal peptide of human RDH11 (RDH11-Nter), the C-terminal peptide of human LRAT (LRAT-Cter) and the C-terminal peptide of human R9AP (R9AP-Cter) to improve our understanding of the properties of these peptides.
Primary structure of the hydrophobic membrane binding peptides and prediction of their secondary structure
The hydrophobic peptides postulated to anchor the proteins RDH8, RDH11, LRAT and R9AP to membranes are shown in Table 1. This table is showing the amino acid sequence of the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides, which respectively include 32, 35, 30 and 29 amino acids. The analysis of the properties of the amino acids of these peptides allowed to determine that the R9AP-Cter peptide is the most hydrophobic one (76% hydrophobic residues) whereas the RDH8-Cter peptide is the least hydrophobic one (50% hydrophobic residues) ( Table 1 ). The RDH11-Nter and LRAT-Cter peptides contaiñ 70% hydrophobic amino acids. The RDH8-Cter and RDH11-Nter peptides respectively contain in total 35 and 26% of both polar and charged amino acids. In contrast, the LRAT-Cter and R9AP-Cter peptides both include only 17% polar and charged amino acids. In addition, it should be stressed that there are only 3% polar amino acids in the R9AP-Cter peptide. Moreover, these hydrophobic peptides include a rather small amount of charged amino acids (between 9 and 16%) except for the LRAT-Cter peptide which entails no charged amino acids (Table 1) . It is particularly interesting to analyze the tendency of the amino acids of these hydrophobic peptides to be found in transmembrane helices. It can thus be seen that 69, 80, 93 and 83% of the amino acids of the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides, respectively, are typically found in transmembrane helices (TM helix, Table 1 ).
The online tool "Heliquest" [66] is very often used to predict the secondary structure of amphiphilic peptides [67] . This algorithm allows to detect the existence of an uninterrupted hydrophobic face of at least five adjacent residues on a helical wheel. If such a face exists, it illustrates whether the residues in the opposite face are polar. The projection of the amino acid sequence of the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter hydrophobic peptides in a helical wheel is presented in Fig. S1 together with peptides known as amphipathic helices. It can be seen that the amphiphilic helices Endophilin1 and GMAP-210 have a well defined hydrophobic face, which includes all hydrophobic amino acids, as well as a large hydrophilic face where charged and polar residues can be found. This is however not the case for the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides. Indeed, as can be seen in Fig. S1 , hydrophobic amino acids are evenly distributed in the helical wheel. Therefore, because these transmembrane hydrophobic peptides are not amphipathic, this well known tool cannot be used to appropriately predict their structure.
The Heliquest lipid-binding feature can however be combined with the Eisenberg plot approach [68] [69] [70] to generate a useful graphical representation of the mean hydrophobic moment as a function of the mean hydrophobicity [71] . It uses the Fauchere and Pliska scale [72] instead of the normalized scale of Eisenberg [69] , thereby providing a userfriendly approach [71] . The mean hydrophobicity corresponds to a measure of the overall hydrophobicity of the amino acid sequence whereas the mean hydrophobic moment is a measure of the way polar and nonpolar amino acids are distributed in the same amino acid sequence [71] . This plot provides interesting information on whether the peptide sequences correspond to globular, surface seeking or transmembrane segments [68] [69] [70] [71] . The plot has been divided in three different regions (globular, surface seeking and transmembrane) on the basis of protein databases. As shown in Fig. S2 , the RDH11-Nter, LRAT-Cter and R9AP-Cter peptides are located in the transmembrane region (TM) whereas the RDH8-Cter is a "surface seeking" peptide. This analysis is consistent with the content in hydrophobic amino acids of these peptides ( Table 1) .
The primary structure of the hydrophobic peptides has been analyzed using different online tools [73] [74] [75] [76] [77] [78] to predict their secondary structure, which yielded very similar data (Fig. 1) . The amino acid sequence of the R9AP-Cter peptide was thus predicted to form an α-helix ( Fig. 1) , which is consistent with its large content in hydrophobic residues (Table 1) . Moreover, the RDH11-Nter peptide was predicted to include two α-helices separated by 2 amino acids (Fig. 1) ; the largest one is made of a large stretch of hydrophobic amino acids (LMFPLLLLLLPFLLYM, Fig. 1 ). In contrast, the RDH8-Cter and LRAT-Cter peptides are predicted to include an α-helix as well as one or two β-strands (Fig. 1) ; this is however inconsistent with the tendency of the amino acids of these peptides to be found in transmembrane α-helices (Table 1) . Therefore, spectroscopic methods must be used to find out whether these analyses and predictions make sense.
Secondary structure of the selected hydrophobic peptides
Several methods can be used to estimate the secondary structure content of peptides. Infrared spectroscopy and circular dichroism (reviewed in [79] [80] [81] [82] [83] [84] [85] [86] ) are well established methods to determine the secondary structure content of proteins and peptides. Circular dichroism is very accurate for α-helix predictions whereas infrared spectroscopy is better for β-sheet estimation [87] .
The challenge of solubilizing hydrophobic peptides
The first step before characterizing peptides consists in finding an appropriate solvent allowing their solubilization. This task is very challenging for hydrophobic peptides such as those reviewed in the present paper. However, solvents such as trifluoroethanol (TFE), hexafluoroisopropanol (HFIP), dimethyl sulfoxide (DMSO) or dimethyl formamide (DMF) very often allow to solubilize such hydrophobic peptides. Nevertheless, care must be taken when using TFE and HFIP because it is generally believed that they enhance the population of helical conformations of peptides and proteins. In particular, since the pioneering work of Tamburro et al. [88] , fluorinated alcohols, such as TFE and HFIP, have been shown to promote the formation of α-helices for a large number of proteins and peptides (see, for example, references [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] and the references cited therein). It has been proposed Hydrophobic amino acids are presented in red, polar amino acids in blue and charged amino acids in green. The amino acid tyrosine (Y) has been considered as a hydrophobic residue even though it presents a dual character (hydrophobic and hydroxylated). Glycine (G) and cysteine (C) are presented in black as "nonclassified amino acids" because their properties are changing depending of their environment (v.g. disulfide bond for cysteine). † These properties have been determined using textbooks of biochemistry (v.g. [15, 352] ) as well as the paper of Dufourc et al. [353] . *Amino acid residues that have tendency to be found in a transmembrane (TM) helix (underlined amino acids): [354] and reviewed in [355] ). These data are in good agreement with those generated when a similar analysis is performed using the "Fraction of time amino acids are found buried in protein structure" [356] as well as using the "Amino acid frequency in transmembrane segments of tail-anchored proteins" [28] .
that fluoroalcohol complexes would displace water molecules from the surface of the peptide; the acidity or hydrogen-bonding ability and hydrophobicity of the fluoroalcohols appear to play an important role [104] . It is thus very important to compare the spectroscopic properties of peptides in different solvents as this allows to assess the relationship between their α-helical content and the solvent used to solubilize the peptides. Solubilization assays of the peptides were thus performed in different solvents. DMF and DMSO have not been used because the former prevents a proper observation of the amide I band of the peptide in infrared spectroscopy whereas the latter is too little volatile. Because the peptides are injected into an aqueous subphase in the lipid monolayer binding experiments (Sections 4 and 5), solvents miscible with water, preferably methanol, were first assayed. The RDH8-Cter peptide was soluble in methanol but not in HFIP, which is consistent with its lower content in hydrophobic residues (50%) than the other peptides (Table 1) . When the peptide was not soluble in methanol, a procedure can be used where HFIP serves first to promote H bonding with the peptide. HFIP is then evaporated and the peptide is further solubilized in methanol (labeled H-MeOH; see Fig. 2 and Section 3.2). This procedure has been particularly useful for the LRAT-Cter and R9AP-Cter peptides because they were not readily soluble in methanol. A similar procedure has previously been used to prepare a monomeric solution of amyloid beta peptide. After the evaporation of HFIP, this amyloid peptide was dissolved in water, which resulted in a random coil secondary structure [105] .
3.2. Circular dichroism and infrared spectroscopy of the hydrophobic peptides Fig. 2 is showing circular dichroism and infrared spectra of the hydrophobic peptides in different solvents. The shape of the circular dichroism spectra allows to qualitatively determine the secondary structure content of peptides; for example, minima at~206 and 220 nm are typical for α-helices [84] . The shape of the spectra shown in Fig. 2A , C, E and G suggests that all peptides contain an α-helical secondary structure component except for the LRAT-Cter peptide in H-MeOH. The quantitative analysis of the secondary structure content of these peptides in MeOH or H-MeOH has been performed with the CDSSTR online tool [106] . Table S1 is showing interesting features of the secondary structure of the peptides in MeOH or HMeOH: 1) the RDH8-Cter peptide contains almost as much α-helical (40%) and random (32%) structural elements, 2) the RDH11-Nter peptide mainly comprehends α-helices (52-56%), 3) the LRAT-Cter peptide contains very little α-helices (4%) in this polar solvent, and 4) the R9AP-Cter peptide includes a very large amount of α-helices (63%). The α-helical secondary structure content of the peptides can be qualitatively analyzed using the ratio [94] or the difference in molar ellipticity (Δθ) between the band at~190-199 nm and that at [204] [205] [206] [207] [208] (Fig. 3) . It can be seen that the Δθ of the peptides in MeOH or H-MeOH increases as follows: LRATCter b RDH8-Cter ≈ RDH11-Nter b bb R9AP-Cter (Fig. 3) . These data are quite consistent with those reported in Table S1 except for the secondary structure analysis of the RDH8-Cter peptide. Indeed, the values of Δθ of the RDH8-Cter and RDH11-Nter peptides are very similar (Fig. 3) whereas a significantly larger content in α-helices is obtained for the RDH11-Nter peptide (52-56%) than for the RDH8-Cter peptide (40%) ( Table S1 ). The data of Table S1 and Fig. 3 are consistent with regards to the large α-helical secondary structure content predicted in Fig. 1 for the R9AP-Cter peptide.
The propensity of HFIP to favor the α-helical secondary structure is only clearly demonstrated with the LRAT-Cter peptide where α-helices can be obviously seen when solubilized in this solvent (Fig. 2E) . However, the molar ellipticity of the RDH11-Nter peptide remained almost unchanged when solubilized in MeOH or HFIP (Fig. 2C) . In contrast, the molar ellipticity of the R9AP-Cter peptide is much smaller in HFIP than in H-MeOH (Fig. 2G) , which is not consistent with previous observations that this solvent favors the formation of α-helical structures (see Section 3.1) [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] .
The assignment of infrared bands to particular secondary structure components has been previously reviewed in details [80] [81] [82] [107] [108] [109] [110] [111] [112] . Infrared spectroscopy also allowed to measure the spectrum of the peptide powders prior to solubilization, in addition to spectra in different solvents (Fig. 2) . The amide I band of the RDH8-Cter peptide powder and after its solubilization in methanol is broad and includes several components (Fig. 2B) . The maximum of the amide I band of the spectrum of the RDH8-Cter peptide powder is located at 1656 cm −1 ; a shoulder can also be seen at~1628 cm −1 (Fig. 2B ). These components of the amide I band can respectively be attributed to α-helices and β-sheets. When solubilized in methanol, a strong additional component appears in the amide I band at 1679 cm
, which indicates the presence of turns. A model of the RDH8-Cter peptide produced by the online tool I-TASSER [73, 74] is also shown in Fig. 2B . It includes a small α-helix but the largest share of this model peptide structure is not ordered. It is quite consistent with the predicted secondary structure content of this peptide ( Fig. 1) as well as the circular dichroism ( Figs. 2A and 3 ) and infrared ( Fig. 2B ) spectra of the RDH8-Cter peptide in MeOH.
Very similar infrared spectra are obtained with the RDH11-Nter peptide powder or after its solubilization in different solvents (Fig. 2D) . The amide I band is symmetrical and centered at 1653 or 1658 cm − 1 , which can be attributed to α-helices. This is consistent with the secondary structure prediction for this peptide (Fig. 1) . It is noteworthy that the amide I band of the RDH11-Nter peptide powder and solubilized in HFIP overlap and is centered at 1653 cm −1 whereas that of the peptide solubilized in methanol and H-MeOH also overlap but are centered at 1658 cm . It has been shown that the position of the amide I band for α-helices depends on its length [81, 113] . Indeed, a maximum close to 1650 cm , resulting in consistent data with the I-TASSER prediction. The secondary structure presented is that obtained with the highest confidence score (Conf.Score). The confidence scores range from 0 to 9 which correspond respectively to the lowest and the highest confidence. H, helix; S, strand or β-sheet; C, coil.
MeOH. A shift is also observed when the position of the positive band of the circular dichroism spectra of this peptide in MeOH and HFIP are compared (Fig. 2C ). These data suggest that HFIP and MeOH respectively favor ordering and disordering of the α-helices of the RDH11-Nter peptide. As can be seen in Fig. S3A , the amide I band of the RDH11-Nter peptide in HFIP is much broader than that of the R9AP-Cter peptide in H-MeOH. The R9AP-Cter peptide was predicted to adopt a single α-helical structure ( Fig. 1 ) and its Δθ is the largest one (Fig. 3) . The larger . The purity of the peptides was tested by mass spectroscopy and HPLC: 97% purity for RDH8-Cter, 93% for RDH11-Nter, N70% for LRAT-Cter and 92% for R9AP-Cter. Circular dichroic spectra were collected on a Jasco spectropolarimeter (Model J-815, Jasco, Easton, MD) at a peptide concentration of 150 μM. The spectra have been normalized to take into account the number of amino acids of each individual peptide. Indeed, the molar ellipticity is expressed in degree cm 2 dmol
. The concentration in dmol −1 is obtained as follows: protein concentration (g/mL) × number of amino acids/molar mass of each individual peptide. The spectra have been measured in different solvents depending on their solubility: Methanol (MeOH, black curves), HFIP (blue curves) and H-MeOH* (solubilized first in HFIP and evaporation of HFIP and then solubilized in MeOH; pink curves). The buffer contribution was subtracted and the corrected spectra were analyzed in the 190-260 nm range. Infrared spectra were recorded using a Nicolet Magna 850 Fourier transform infrared spectrometer from Thermo Scientific (Madison, WI) equipped with a liquid nitrogen cooled narrow-band mercury cadmium telluride detector and a Golden Gate ATR accessory. Infrared spectra were recorded using a peptide concentration of 150 μM for RDH8-Cter (B), RDH11-Nter (D) and LRAT-Cter (F) and R9AP-Cter (H) in the same solvents as those used in circular dichroism. Infrared spectra are the result of a subtraction of the spectrum of the appropriate solvent from that of the peptide in solution. The infrared spectrum of each peptide powder (orange curves) is also presented in this figure. The maximum of the amide I bands has been determined by performing a second derivative (or Fourier deconvolution) of the spectra with the software Omnic which is available with the spectrometer. A 3D structural model of the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides obtained using the I-TASSER server is shown in inset of Figures B, D, F and H, respectively. These models are built based on multiple-threading alignments by LOMETS and interactive TASSER simulations; function insights are then derived by matching the predicted models with protein function databases [73] . Several models were uploaded from the I-TASSER online server for the peptides, but a single 3D model has been selected for each peptide because of its consistency with the secondary structure prediction and the analysis of the infrared spectra.
width of the amide I band of the RDH11-Nter peptide thus suggests that its structure is less ordered than that of the R9AP-Cter peptide. The possible presence of two interconnected α-helices, such as those shown in Fig. 1 and in the model presented in Fig. 2D , could explain the increased disorder of the RDH11-Nter peptide compared to the R9AP-Cter peptide. In fact, such interconnected α-helices shall allow flexibility; band broadening has also been attributed to flexible structures (for a review, see [80] ). This conclusion is also consistent with the smaller Δθ observed with the RDH11-Nter peptide compared to the R9AP-Cter peptide (Fig. 3 ). In addition, it is well known that vibrational spectroscopy provides a snapshot of the sample conformer population because of its short characteristic time scale (~10 − 13 s).
The band position of a given vibration is typically slightly different for every conformer. This results in a heterogeneous band broadening. Therefore, flexible structures will give broader bands than rigid structures. The band width is thus a measure of conformational freedom. Accordingly, band broadening can also suggest the formation or the presence of different types of secondary structure elements. For example, the band position of disordered structures (1642-1657 cm
partly overlaps that of α-helices (1648-1657 cm
) (for a review, see [80, 82, 109] ). Therefore, amide I band broadening of the RDH11-Nter peptide in HFIP compared to the R9AP-Cter peptide in MeOH could also originate from the presence of disordered structures although the existence of flexible structures is likely a more appropriate explanation in view of the model presented in Fig. 2D .
The infrared spectra of the LRAT-Cter peptide powder and solubilized in two different solvents are shown in Fig. 2F . The peaks of these three spectra are very well separated from each other, which indicates that different structural components are present in these different conditions. It can be seen that the infrared spectrum of the powder is broad and not symmetrical. The maximum of its amide I band at 1632 cm −1 indicates that the LRAT-Cter peptide powder mainly contains β-sheets. In addition, the width and the shape of the amide I band of the LRAT-Cter peptide powder suggest that it also contains α-helices and turns. In contrast, the amide I band of this peptide solubilized in HFIP is symmetrical and centered at 1652 cm −1 , indicating that this peptide adopts a long and rigid α-helical structure in this solvent. The amide I band of this peptide in H-MeOH is centered at 1678 cm , which corresponds to turns; shoulders can also be clearly seen at positions typical of α-helices and β-sheets. This observation is consistent with the shape of the circular dichroism spectrum in this solvent shown in Fig. 2E . The model of the LRAT-Cter peptide structure presented in Fig. 2F does not fit well with any of the infrared spectra of this peptide; indeed, the spectrum in HFIP indicates a long and rigid α-helix whereas that in H-MeOH and the powder respectively reveal a large content in turns and β-sheets. This raises also the issue that HFIP could favor the formation of α-helical structures in the case of this peptide [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] .
The main difference between the infrared spectra of the R9AP-Cter peptide powder and solubilized in two different solvents is the width of its amide I band (Fig. 2H) . The amide I band of this peptide is centered at~1655 cm −1 , indicating that it adopts an α-helical structure whatever it is in a powder or solubilized in a solvent. However, the width of the amide I band increases as follows: H-MeOH b powder b HFIP. The larger bandwidth in HFIP correlates well with the decrease in elipticity of this peptide in this solvent compared to that in H-MeOH (Figs. 2G and H) whereas the much smaller amide I bandwidth in H-MeOH (Fig. 2H) is also in very good agreement with its much larger Δθ (Figs. 2G and 3 ). In addition, the observation of a shoulder at 1625 cm −1 indicates the presence of β-sheets in the powder, whereas a shoulder typical of turns can be seen at 1679 cm −1 in H-MeOH (Fig. 2H) . The structural prediction and model of this peptide presented in Figs. 1 and 2H, respectively, are coherent with the infrared spectrum of the R9AP-Cter peptide in H-MeOH, although no turn can be seen in the structure. It is interesting to compare the data obtained by circular dichroism and infrared spectroscopy. As shown in Fig. S3B , the width of the amide I band of the LRAT-Cter, RDH11-Nter and R9AP-Cter peptides in HFIP is very similar. However, the molar ellipticity of the R9AP-Cter peptide is larger than that of the RDH11-Nter peptide in HFIP ( Fig. 2G and C, respectively), which is much larger than that of the LRAT-Cter peptide (Fig. 2E) . There is however a good agreement between the molar ellipticity of these peptides and the width of their amide I band in H-MeOH. Indeed, as shown in Fig. S3C , the smallest bandwidth of the amide I band of the R9AP-Cter peptide in H-MeOH is consistent with its largest Δθ (Fig. 3) . Accordingly, when compared to the R9AP-Cter peptide in H-MeOH, the much larger bandwidth of the amide I band of the RDH11-Nter peptide (Fig. S3C) is consistent with its much smaller value of Δθ (Fig. 3) , which is however incoherent with the analysis of its content in α-helices (52-56% for the RDH11-Nter peptide compared to 63% for the R9AP-Cter peptide, Table S1 ). Nevertheless, the large bandwidth of the amide I band and the shift of this band of the LRAT-Cter peptide to larger wavenumbers (Fig. S3C ) in H-MeOH is consistent with its very small Δθ (Fig. 3) and content in α-helices (Table S1 ).
Binding of hydrophobic peptides to lipid monolayers

Monolayers as a model membrane to study hydrophobic transmembrane peptides
Phospholipid monolayers are very useful model membranes to study lipid-protein or lipid-peptide interactions (for a review, see [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] ). Indeed, it allows to control several physical parameters such as the density of lipids and the surface pressure, the subphase content, the lipid composition, etc. Moreover, there is a direct thermodynamic relationship between bilayers and monolayers [126, 127] . In addition, a large number of spectroscopic (UV-visible absorption [128] [129] [130] [131] [132] [133] [134] , fluorescence [128, [131] [132] [133] [134] [135] [136] , and vibrational [137] [138] [139] [140] [141] [142] [143] , (see [120, [144] [145] [146] [147] [148] [149] [150] [151] [152] for a review)), microscopic (Brewster angle [153, 154] and fluorescence [155] [156] [157] , (see [158] [159] [160] [161] [162] [163] [164] for a review)), and different additional physical methods [165] [166] [167] [168] [169] (see [117, 163, [170] [171] [172] [173] for a review) have been developed to characterize monolayers. A large share of these methods has been reviewed by Dynarowicz-Latka et al. [174] . An additional major advantage of this model membrane is that it is the only one which can allow to independently determine the affinity of compounds for the inner or the outer leaflet of the membrane bilayer. Indeed, the lipids of cell membranes are known to be asymmetrically distributed (190) (191) (192) (193) (194) (195) (196) (197) (198) (199) (204) (205) (206) (207) (208) ) is shown for each peptide. The peptides were solubilized as described in the legend of in the membrane of most cell organelles including the plasma membrane (reviewed in [175] ). Therefore, the monolayer model membrane can allow to independently assay binding of compounds to either the lipids found in the outer (phosphatidylcholine, sphingomyelin and glycosphingolipids) or the inner (phosphatidylethanolamine, phosphatidylinositol and phosphatidylserine) membrane leaflet. Monolayers have thus been extensively used to study the orientation and structure of different types of peptides upon lipid binding (see Section 4.1 for an extensive review). More specifically, monolayers have additionally been used to characterize the structure and organization of hydrophobic transmembrane peptides such as a transmembrane segment of the nicotinic membrane receptor [176] , of signal sequence peptides allowing translocation of proteins to membranes [177] , of the gramicidin transmembrane ion channel [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] , of a model peptide for an anesthetic-binding membrane protein [188, 189] , of transmembrane α-helical model peptides [190, 191] , of transmembrane peptides derived from the domain M of an enzyme [192] , of the transmembrane segment of the Vpu protein [193] [194] [195] , as well as of the synaptobrevin 1/VAMP1 and syntaxin 1 [196] , and of the N-and C-terminal transmembrane peptides of LRAT [58] .
Nevertheless, one can wonder whether lipid monolayers represent proper model membranes for transmembrane peptides, which span the entire thickness of a bilayer whereas monolayers correspond to one membrane leaflet. In fact, it has been shown that the orientation of transmembrane α-helical hydrophobic peptides is dependent on the hydrophobic mismatch in lipid bilayers [197] [198] [199] [200] . For example, the tilt of a transmembrane peptide was shown to increase from 27 to 35 and 51°with respect to the normal of bilayers of phospholipids containing, respectively, the following decreasing fatty acyl chain lengths: myristoyl (C14:0), lauroyl (C12:0) and dodecanoyl (C10:0) fatty acyl chains [197] . Therefore, the shorter is the thickness of the bilayer, the larger is the tilt angle of the transmembrane α-helical hydrophobic peptide. Therefore, this change in tilt angle of a transmembrane helix is a compensation mechanism for hydrophobic mismatch [197] , which is a driving force for α-helical transmembrane peptide orientation [201] . The same is true for lipid monolayers as discussed previously for the N-and C-terminal peptides of LRAT [58] . Indeed, lipid monolayers are not thick enough to accommodate transmembrane α-helical peptides that span the entire thickness of the membrane lipid bilayer. As a result, the transmembrane α-helical N-and C-terminal peptides of LRAT are tilted at angles of 40-45°with respect to the normal of monolayers of phospholipids containing palmitoyl (C16:0) fatty acyl chains [58] . This large tilt angle nonetheless resulted in the observation of the typical α-helical secondary structure of transmembrane peptides [58] . Interestingly, this value of 40-45°of tilt angle is similar to that observed for the Vpu transmembrane peptide in lipid bilayers with short fatty acyl chains [197] . Moreover, oblique oriented α-helical peptides can be found in membranes and are now recognized as a class of peptides playing specific membrane functions (for reviews, see [202] [203] [204] ). Altogether, these data suggest that the monolayer model membrane is appropriate to characterize transmembrane hydrophobic peptides.
Preparation of lipid monolayers to study hydrophobic transmembrane peptides
Lipid monolayers are spread from a known volume of solvent at the surface of a buffer poured in a Langmuir trough (Fig. 4) . The lipid solution must be spread until the desired initial surface pressure (Π i ) is reached (Fig. 4B) . Alternatively, the lipid monolayer is compressed to the same Π i . A peptide solution is then injected into the subphase (Fig. 4B) . Monolayer binding of the peptide can then be measured at either a constant surface area or a constant surface pressure. Unfortunately, these two approaches have never been systematically compared although they could potentially provide complementary information. The observation of an increase in surface pressure is restricted by the maximum insertion pressure (MIP) of the peptide (see Section 4.5; for a review, see [116] ). The MIP corresponds to the maximum surface pressure of the monolayer up to which the peptide can insert in the monolayer and beyond which no insertion takes place. Therefore, beyond this value of MIP, no increase in surface pressure should be observed at a constant area. The determination of the MIP can provide information on the affinity of a peptide for a given type of lipid [205] as well as on its extent of binding to membranes. Indeed, given that the membrane lateral pressure has been estimated in the range of 30-35 mN/m [206] [207] [208] [209] [210] [211] [212] [213] , one can postulate that a MIP larger than this value will suggest that the peptide could bind membranes. The synergy is obtained by adding 1 to the slope of the plot of the surface pressure increase (ΔΠ) as a function of the initial surface pressure (Π i ) [205] . We have previously shown that a positive synergy corresponds to a favorable binding of proteins. The MIP in this case corresponds to an insertion surface pressure [205] . In contrast, when the synergy is close to zero, the binding of the protein is neither favored nor disfavored by the lipid monolayer because the equilibrium surface pressure (Π e ) remains almost unchanged with increasing values of Π i . It is preferable to use very small troughs to determine the MIP and synergy of peptides because measurements must be performed at several initial surface pressures. Significant amounts of peptides will be spent unless if microtroughs can be used. Therefore, in order to save peptide, commercially available microtroughs are used to perform these measurements, such as that from Kibron (DeltaPi4) (Fig. 4A) . Moreover, four measurements of peptide monolayer binding can be measured at the same time with this apparatus using microtroughs containing a buffer subphase of 500 μL (Fig. 4A) . Prior to describing how to perform MIP measurements, one must figure out whether the peptide should preferably be injected into the subphase or spread as a lipid-peptide mixture at the surface of the buffer subphase. It should however be stressed that MIP values can only be obtained if the peptide is injected into the subphase. 4.3. Spreading the peptide-lipid mixture at the surface or injecting the peptide into the subphase underneath the lipid monolayer: which approach is most appropriate?
The monolayer methodology can be used to determine the affinity of a peptide for a given type of lipid as well as its organization and structure in the presence and absence of lipids. Two approaches can be used to perform such measurements: 1) spreading a lipid at the surface of the buffer and then injecting the peptide into this monolayer subphase or 2) preparing a lipid-peptide mixture in an organic solvent and then spreading a known volume of this solution at the surface of the buffer. One can wonder whether the same results can be obtained with these two approaches and which one is most appropriate. There is approximately twice as many papers reporting measurements where peptides are injected into the subphase [105, 125, 176, 192, as compared to papers reporting data after spreading lipid-peptide mixtures at the air-water interface [176] [177] [178] [180] [181] [182] [183] [184] [185] 190, 191, 193, 194, 218, 220, 229, 289, . It is most relevant to find out whether the same peptide structure is obtained when using these two approaches. In situ infrared spectroscopy of monolayers has thus been used to clarify this issue (see Section 5 for more details on this method). Fig. 5 is showing the comparison between the spectra of the R9AP-Cter peptide when spread at the surface or injected into the subphase in the absence (Fig. 5A ) or in the presence (Fig. 5B ) of DOPE (1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine) monolayer. It can be seen that very similar spectra are obtained when the individual peptide is adsorbed at the surface after its injection into the subphase or when it is spread at the surface (Fig. 5A) . The amide I band is centered at 1656 cm −1 , which indicates that the peptide structure is α-helical.
However, shoulders are appearing at 1625 and 1695 cm −1 when the spread peptide is compressed to a surface pressure close to that obtained upon injecting the peptide into the subphase (Fig. 5A) . The observation of these shoulders indicates that compression results in the formation of antiparallel β-sheets. Contrasting data have been obtained in the presence of a DOPE monolayer. The spreading and compression of the DOPE-peptide mixture results in a large amide I bandwidth centered at 1651 cm −1 as well as shoulders at 1634 and 1693 cm −1 , which are respectively typical of α-helices and antiparallel β-sheets (Fig. 5B) . However, the spectrum of the peptide injected into the subphase is showing an amide I band with a maximum typical of an α-helical structure (1657 cm ) as well as a small shoulder at 1634 cm −1 for β-sheets.
The amide I band of the spread peptide is much broader than that of the injected peptide, which strongly suggests that the spreading procedure leads to the formation of disordered structures. Previous reports have shown a slight or no effect of monolayer compression with some lipid-peptide mixtures [295, 311] whereas a large modification of the peptide structure was found to take place for other lipid-peptide mixtures [177, 313, 325] . Although measurements with additional peptides should be performed to definitively clarify this issue, the present data suggest that it is preferable to perform measurements by injecting peptides into the lipid monolayer subphase. However, the spreading of a lipid-peptide mixture is better suited to study their thermodynamics of mixing in as much as the peptide structure remains unaltered by this procedure. Nevertheless, peptides must be injected into the subphase to observe their extent of lipid monolayer binding and to determine their MIP. It is then necessary to evaluate which peptide concentration should be used to perform MIP measurements.
Determination of the peptide concentration to perform monolayer measurements
MIP measurements must be performed at a peptide concentration where surface saturation has been reached. The first step when performing measurements of peptide monolayer binding thus consists in determining the dependence of the surface pressure increase on peptide concentration. Therefore, measurements of surface pressure as a function of time must be performed with several peptide concentrations either in the presence or in the absence of a lipid monolayer, usually without much difference. A typical adsorption isotherm of a peptide is presented in the inset of Fig. 6 which shows that surface pressure increases until Π e is reached. Then, the values of Π e are plotted as a function of peptide concentration (Fig. 6 ). An exponential plot is typically obtained and the optimal protein concentration is that where no increase in surface pressure is observed when protein concentration is further increased, which indicates that surface saturation has been reached. For example, in Fig. 6 , a saturating protein concentration has been obtained at a peptide concentration ranging between 3 and 5 μM.
Determination of the maximum insertion pressure and synergy of the hydrophobic peptides in the presence of a lipid monolayer
The buffer is poured in the 500 μL microtroughs shown in Fig. 4A . Lipids are then spread at the surface of this buffer (Fig. 4B) until the desired ∏ i is reached (inset of Fig. 7A) . A period of time is then allowed for the spreading solvent to evaporate and for the film to reach equilibrium. This waiting time varies with the type of lipid, the spreading volume, the initial surface pressure and the lipid concentration. A saturating quantity of peptide is then injected into the subphase underneath the Fig. 5 . PM-IRRAS spectra of the R9AP-Cter peptide measured either after spreading the peptide (or the DOPE-peptide mixture) at the air-water interface or after injecting the peptide into the subphase of the DOPE monolayer. The trough and PM-IRRAS have been described previously [357] . The subphase buffer contains 50 mM Tris HCl, 150 mM NaCl and 5 mM β-mercaptoethanol (pH 7.4). The final concentration of the injected peptide is 5 μM. A ratio of 20/1 (3.2/0.16 nmol) has been used for the spread DOPE-peptide mixture. The spectra have been normalized to facilitate their comparison. A) Comparison of the PM-IRRAS spectra of the individual peptide either injected into the subphase (Π e = 16.8 mN/m, black curve) or spread at the air-water interface (Π e = 7.8 mN/m, red curve) and then compressed to 12.9 mN/m (blue curve) (in the absence of a lipid monolayer). B) Comparison between the PM-IRRAS spectra of the peptide injected underneath a DOPE monolayer (Π e = 21 mN/m, orange curve) and of a DOPE-peptide mixture spread at the air-water interface and compressed to a Π e = 13 mN/m (green curve).
lipid monolayer (Section 4.4; Figs. 4B and 6) . As a consequence, depending on the surface activity of the peptide and its affinity for the lipid monolayer, surface pressure will increase until ∏ e is reached (inset of Fig. 7A ). This allows calculation of the surface pressure increase (Δ ∏ = ∏ e − ∏ i ) (inset of Fig. 7A ). The magnitude of this surface pressure change will depend on the initial surface pressure and can be used to compare the extent of protein-or peptide-lipid interactions (see [116] for a review). Injection of the peptide is performed at different ∏ i of the lipid monolayer (Fig. 7A) . Then, the plot of Δ∏ as a function of ∏ i allows the determination of the MIP by extrapolating the regression of the plot to the x axis, as shown in Fig. 7A . It is meaningful to calculate the uncertainty of the MIP and synergy data, which allows to make proper conclusions. This experimental error must absolutely be calculated, as previously described [116, 205, 327, 328] . The data are otherwise very difficult to properly interpret. We have recently created a freely available webpage where this experimental error can be readily calculated (http://www.crchudequebec.ulaval.ca/BindingParametersCalculator/), which should facilitate this operation.
It is very important to properly select the type of lipid that will be used to study the binding of the peptide. One should thus select lipids that can be found in the membranes where the peptide is located [175] . In the case of the present hydrophobic peptides which have been postulated to anchor proteins to membranes, one should look for the lipid composition of these membranes. It is also interesting to compare the behavior of the peptide in the presence of unsaturated, polyunsaturated as well as saturated phospholipids. Indeed, the different physical states of these phospholipids could drive specificity of peptide binding such as previously observed for different proteins [205, 327] . The specific binding of a peptide to a saturated phospholipid could also suggest that this peptide is located in rafts since these structures contain a large percentage of this type of fatty acyl chain (for a review, see [329] [330] [331] [332] ). One should also be careful when using polyunsaturated phospholipids because they are very sensitive to oxidation [328] . In our experiments, typical MIP measurements were performed with the same unsaturated phospholipid (DOPE) in order to compare the behavior of the different peptides with the same lipid as well as because this lipid is a major component of the membranes where RDH11 and LRAT are located (retinal pigment epithelium, [333, 334] ) and a minor component of photoreceptor membranes [335] [336] [337] where RDH8 and R9AP can be found.
As can be seen in the inset of Fig. 7A , a similar value of ∏ e has been obtained when the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides are injected underneath a DOPE monolayer at the same initial surface pressure. Also, similar intercepts with the x axis and slopes of the plot of Δ∏ as a function of ∏ i have been obtained for these peptides except for the R9AP-Cter peptide which is quite different (Fig. 7A) . The MIP and synergy values are easier to compare using histograms (Fig. 7B  and C) . 
Determination of peptide structure and orientation in monolayer by infrared spectroscopy
Two approaches have been developed to determine the structure and orientation of peptides in monolayers at the air-water interface by infrared spectroscopy: infrared reflection absorption spectroscopy (IRRAS) [141] [142] [143] and polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS, Fig. 8 ) [137] . In order to get rid of the water absorption bands, in particular that in the amide region, IRRAS and PM-IRRAS are using different strategies: 1) the IRRAS spectra are resulting from the ratio between spectra measured in the presence and absence of a monolayer. This is achieved by alternatively moving a Langmuir trough from regions where the monolayer or the bare substrate is located (see [144, 146] for a review).
2) The PM-IRRAS spectra are resulting from the fast polarization modulation of the incident beam between parallel (p) and perpendicular (s) polarizations using a photoelastic modulator (Fig. 8) [137,152] . The two-channel processing of the signal allows to obtain the differential reflectivity spectrum:
where R P and R S are the reflectivity of the interface for polarized light, J 0 and J 2 are the zero and second-order Bessel functions, whereas Φ 0 is the maximum dephasing given by the photoelastic modulator. Moreover, to remove the isotropic contributions from bulk water and water vapor, experimental drifts and to get rid of the dependence of the signal on the Bessel function, the spectrum of the phospholipid monolayer in the presence of the adsorbed peptide is divided by that of the subphase (alternatively, the spectrum of the lipid-peptide monolayer can be divided or subtracted by that of the lipid monolayer, see Section 5.1) to produce the resulting normalized PM-IRRAS spectrum:
The signal-to-noise ratio of the technique is therefore enhanced because water vapor molecules do not contribute to the PM-IRRAS signal. However, oriented and bound water molecules cannot be removed from the spectra for both IRRAS and PM-IRRAS.
The main advantages of IRRAS is that the absolute infrared signal of individual bands can be quantitatively analyzed and that drifts of the signal are minimized by ratioing in real time the spectrum of the sample with that of the bare monolayer area. However, the disadvantage of this method is that time-consuming measurements at several angles of incidence must be performed to determine the orientation of molecules.
In contrast to what was argued in a recent review [146] , there is no need with PM-IRRAS to run spectra at different angles of incidence to determine the orientation of compounds. Indeed, at an incidence angle of 75°, transition moments preferentially oriented in the plane of the interface give intense and upward oriented bands, while perpendicular transition moments give weaker and downward oriented bands. The orientation of molecules can thus potentially be determined from a single spectrum. For example, changes in the orientation of an α-helical peptide can be observed from the variation of the ratio between the amide I and amide II bands at a single angle of incidence. Simulations of the experimental spectra are necessary to get absolute values of orientation of compounds such as α-helical peptides as described previously [338] . Then, the theoretical normalized PM-IRRAS signal must be calculated for an anisotropic peptide monolayer, using a general software program [339] . Values of the optical anisotropic indices of the film are thus generated by taking into account the relative infrared absorptions and dichroism reported for the amide I and amide II absorptions of an α-helical polypeptide [340, 341] . The results of the simulations at different angles of orientation of an α-helical polypeptide relative to the water surface are shown in Fig. S4 . On the basis of the PM-IRRAS selection rules on a dielectric surface [342] , a strong positive amide I band and a weak positive amide II band can be seen when the helix axis is parallel to the interface (90°, Fig. S4 ). Conversely, a strong negative amide I band and a strong positive amide II band are obtained when the α-helix is perpendicular to the monolayer surface (0°, Fig. S4 ). Similar simulations have been performed for other secondary structures of peptides [343] . The PM-IRRAS spectra of the hydrophobic peptides (Section 5.2) have thus been analyzed using this procedure. This dependence of the PM-IRRAS signal on the orientation of compounds, however, renders difficult a quantitative analysis of the absolute infrared signal of individual bands, in contrast to IRRAS. 
Treatment of infrared spectra
As mentioned above, the PM-IRRAS spectrum of the phospholipidpeptide monolayer can be either divided by that of the subphase or, alternatively, by that of the lipid monolayer. Subtracting the spectrum of the subphase, instead of dividing, can also be assayed with typically better results. It can happen that no amide I band can be observed by subtracting the spectrum of the subphase from that of the phospholipid-peptide monolayer as can be seen in Fig. 9 . Indeed, in this case, the C_O ester band of the phospholipid monolayer can be observed at 1737 cm − 1 as well as the typical broad negative band in the 1700-1640 cm −1 region. The latter band is due to an abrupt variation of the refractive index of the aqueous subphase in this range of frequency [344] . Indeed, the water absorption band is centered at approximately 1640 cm −1 where the PM-IRRAS spectrum changes abruptly showing a positive band followed immediately by a negative band. For unknown reasons, this sometimes results in difficulties to observe amide I and amide II bands, as shown in Fig. 9 . Moreover, poorly defined positive bands are also seen in the amide region which prevents a proper monitoring of peptide secondary structure components. Information from the amide I can thus hardly be extracted from such spectra. Alternatively, amide I and II bands can very often be clearly observed when one subtracts the PM-IRRAS spectrum of the phospholipid monolayer from that of the phospholipid-peptide monolayer. A typical spectrum resulting from this treatment allows to observe well defined amide I and II bands (Fig. 9 ). When this alternative procedure is not successful, one must perform measurements on deuterated water which will most likely allow to solve the issue.
Infrared spectra of the peptides in the absence and in the presence of a lipid monolayer
The PM-IRRAS spectra of the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides in the presence and in the absence of a DOPE monolayer are shown in Fig. 10 . The amide I band of the RDH8-Cter peptide (Fig. 10A) is broader in the absence than in the presence of the DOPE monolayer. This indicates that the binding of the peptide to the lipid monolayer improves the order of this peptide. In the presence of DOPE, the amide I band is centered at~1655 cm −1 which suggests that the RDH8-Cter peptide adopts mainly an α-helical secondary structure. However, as mentioned in Section 3.2, the amide I band of disordered structures largely overlaps that of α-helices. Given that the RDH8-Cter peptide has the largest amide I bandwidth among the 4 hydrophobic peptides (Fig. S5A) , it likely includes both α-helical and disordered structures in the presence of a DOPE monolayer. These spectroscopic data could thus hardly be used to estimate the orientation of the RDH8-Cter peptide because the simulations presented in Fig. S4 have been made to determine the orientation of pure α-helical peptides. The infrared spectrum of the RDH8-Cter peptide in the presence of a DOPE monolayer has been compared to that of this peptide dissolved in methanol in Fig. S6A . Although the amide I band is rather broad, binding of the peptide to the DOPE monolayer significantly improved its order. Indeed, the shoulders attributed to β-sheets and turns originally observed in methanol cannot be readily seen in the spectrum of the peptide in the presence of the DOPE monolayer (Fig. S6A) .
The spectra of the RDH11-Nter peptide are presented in Fig. 10B . In the absence of a DOPE monolayer, the amide I band of the RDH11-Nter peptide is symmetrical and centered at 1655 cm
. This peptide thus mainly adopts an α-helical structure. However, the presence of the DOPE monolayer leads to the appearance of a β-sheet component at 1633 cm −1 in the RDH11-Nter peptide and thus to a small modification of the secondary structure of this peptide. This is contrasting with the RDH8-Cter peptide where the DOPE monolayer improved its order (compare Fig. 10A and B) . The orientation of RDH11-Nter peptide cannot be appropriately estimated in the presence of the DOPE monolayer because a β-sheet component was observed in this spectrum (Fig. 10B) . However, the RDH11-Nter peptide orientation can be evaluated in the absence of a DOPE monolayer. An AI/AII ratio of 1.7 has been calculated in these conditions. The orientation of the RDH11-Nter peptide is thus very close to 50°(AI/AII ratio of 2.1, Fig. S4 ) with respect to the normal. The infrared spectrum of the RDH11-Nter peptide in HFIP is compared to that in the presence of a DOPE monolayer in Fig. S6B . It can be seen that the amide I bands are very similar except that the one in HFIP is more symmetrical but a little broader and devoided of a shoulder when compared to that in the presence of a DOPE monolayer (Fig. S6B) . As mentioned in Section 3.2, this band broadening could be attributed to a larger flexibility of the structure of the RDH11-Nter peptide in HFIP. Fig. 10C is showing the spectra of the LRAT-Cter peptide in the presence and in the absence of a DOPE monolayer. The amide I band of the peptide in the presence of the DOPE monolayer is centered at 1652 cm −1 which shows that this peptide adopts an α-helical structure.
A shoulder at 1630 cm
, which is almost as intense as the α-helical component, can additionally be clearly seen in the spectrum of the peptide in the absence of the DOPE monolayer, thereby showing that a large β-sheet structural component is formed in these conditions in addition to α-helices. The presence of the DOPE monolayer thus highly favored the formation of an α-helical structure of the LRAT-Cter peptide at the expense of β-sheets. The orientation of the LRAT-Cter peptide in the presence of a DOPE monolayer (AI/AII ratio of 1.9) is very close to 50°( AI/AII ratio of 2.1, Fig. S4 ) with respect to the normal. The infrared spectra of the LRAT-Cter peptide solubilized in HFIP and in the presence of a DOPE monolayer are compared in Fig. S6C . The spectra are very similar and almost perfectly overlap. However, it must be stressed that, differently from all other peptides, which were injected into the monolayer subphase in a methanolic solution, this spectrum was measured after the injection of the LRAT-Cter peptide solubilized in HFIP. This spectrum of the LRAT-Cter peptide bound to a DOPE monolayer is almost the same as that of the peptide dissolved in HFIP (Fig. S6C ). It is however very different from that of the peptide solubilized in H-MeOH (Fig. S6C) . It thus raises the issue of whether the type of solvent could dictate the final structure of this peptide upon binding lipid monolayers. More measurements are necessary to clarify this issue. The spectra of the R9AP-Cter peptide in the presence and in the absence of a DOPE monolayer are presented in Fig. 10D . These spectra are very similar. Indeed, the amide I band of both spectra is very thin and centered at 1657 cm −1 (α-helices) and their AI/AII ratio is almost the same. In the same manner as for the RDH11-Nter peptide (Fig. 10B) , a β-sheet component at~1634 cm −1 appears in the presence of the DOPE monolayer, thus resulting in a small modification of the secondary structure of the R9AP-Cter peptide compared to when it is injected into the subphase in the absence of a lipid monolayer (Fig. 10D) . The orientation of the R9AP-Cter peptide in the absence of a DOPE monolayer (AI/AII ratio of 1.8) is very close to 50°(AI/AII ratio of 2.1, Fig. S4 ) with respect to the normal. The infrared spectrum of the R9AP-Cter peptide in H-MeOH is compared to that in the presence of a DOPE monolayer in Fig. S6D . It can be seen that the amide I band of both spectra is very thin and centered almost at the same position. The presence of the DOPE monolayer resulted in the disappearance of the turns observed in H-MeOH but to the appearance of a β-sheet structural component. Therefore, the injection of the R9AP peptide in this solvent resulted in a slightly different structure of this peptide (Fig. S6D) . The PM-IRRAS spectra of the RDH8-Cter, RDH11-Nter, LRAT-Cter and R9AP-Cter peptides in the presence of a DOPE monolayer have been compared in Fig. S5A . It can be seen that the width of the amide I band of these peptides decreases as following: RDH8-Cter N LRATCter N RDH11-Nter N R9AP-Cter. One can thus conclude that the R9AP-Cter peptide is most ordered whereas the RDH8-Cter peptide is most disordered among these 4 peptides in the presence of a DOPE monolayer.
Concluding remarks
In this review, the spectroscopic properties of hydrophobic peptides have been characterized in different solvents as well as their binding, structure and orientation in the presence and in the absence of a lipid monolayer. Several issues have been raised concerning 1) the usefulness of the available online tools to provide structural information for transmembrane peptides, 2) the role of the solvent used to solubilize the peptides on their structure, and 3) the effect of the lipid monolayer on the peptide structure and its relationship with the maximum insertion pressure.
Usefulness of the available online tools to provide structural information for transmembrane peptides
It is very difficult to provide reliable information on the secondary structure and properties of peptides on the basis of their amino acid sequence. The challenge is even greater with hydrophobic transmembrane peptides because of the particular membrane environment where they are located, which can influence their structure. Indeed, the hydrocarbon core of the membrane bilayer is not a favorable environment for charged amino acids [345] . Conversely, it can be expected that hydrophobic amino acids will be more confortable when surrounded by the fatty acyl chains of the hydrocarbon core than in the lipid head group region. Fortunately, the exponentially growing number of high-resolution membrane protein structures provided a deeper understanding of the topology and structure of transmembrane helices [346] . Statistical free energies of membrane insertion of amino acids have thus been calculated from these high-resolution structures [347] . This allowed to draw distinct distribution profiles of the amino acids along the transmembrane helices. For example, hydrophobic residues (A, I, V, and L) as well as the amino acids F, G and M prefer to be located in the center of the hydrophobic core of the membrane bilayer [348] . Moreover, the aromatic residues H, W and Y are mainly found in the polar head region at the membrane interface whereas charged and polar residues are largely absent from the membrane interior. Therefore, the analysis of the primary structure of peptides should be useful and cannot be ignored. In this regard, it is interesting to compare the data shown in Table 1 for the hydrophobic peptides reviewed in this paper with those resulting from the analysis of the amino acid content of the 7 transmembrane α-helical segments of a typical membrane protein, the GPCR rhodopsin (Table S2A) , on the basis of its highresolution structure [349] . These data have then been compared in Table S2B . It can be seen that the percentage of amino acids of the transmembrane α-helical segments (TMS) of rhodopsin and of the hydrophobic peptides (HP) found in "TM helix" (Table S2B) are quite close to each other when removing the data of the RDH8-Cter peptide: hydrophobic peptides = 80-93% compared to 78-84% for rhodopsin. Among the four transmembrane peptides studied in this review, the RDH8-Cter peptide is the least hydrophobic (Table 1, Fig. S2 ). It is also the only one that is solely soluble in methanol which is consistent with its small content in α-helices predicted in Figs. 1 and 2B . Indeed, pure α-helices, such as that of R9AP-Cter, are typically not soluble in polar solvents (unless if it is first solubilized in HFIP). These prediction models have also been found to be quite coherent with the assignment of the amide I band of the infrared spectrum of this R9AP-Cter peptide in the same solvent. In fact, the structural models presented in Fig. 1 as well as in Fig. 2B, D, F and H all fit quite well with the experimental data except for the LRAT-Cter peptide. The latter peptide is however the one for which it has been necessary to use several online tools to get more consistent data. One should stress that these tools were optimized for proteins and they might be less efficient for peptides. Nevertheless, one can argue that altogether the available online tools can provide useful structural information. However, experimental data must be obtained to make sure that these predictions are reliable.
Role of the solvent on the peptide structure
Different solvents have been used to solubilize the four transmembrane peptides reviewed in this paper, except for the RDH8-Cter peptide, which was only soluble in methanol, as mentioned above. The solvent has a minor effect on the secondary structure of the RDH11-Nter peptide, a slightly larger effect on the R9AP-Cter peptide but a strong effect on the LRAT-Cter peptide (Fig. 2D, H and F, respectively) . HFIP did not favor formation of an α-helical secondary structure for the RDH11-Nter and R9AP-Cter peptides ( Fig. 2D and H, respectively) . Interestingly, solubilization of the RDH11-Nter, LRAT-Cter, R9AP-Cter peptides in HFIP resulted in a very similar amide I band (Fig. S3B) , suggesting a similar structural effect of this solvent on these peptides. In fact, the thinnest amide I bandwith measured with the R9AP-Cter peptide has been obtained when solubilized in H-MeOH which is rather surprising in view of its properties to progressively unwind α-helical structures (Fig. 2H) . In contrast, the solubilization of the LRAT-Cter peptide in H-MeOH resulted in a large shift of the amide I band to higher wavenumbers, compared to that in HFIP, and thus to the formation of a rather disordered peptide in this polar solvent (Fig. 2F) . As shown in Fig. S6C , a very similar spectrum is obtained for the LRAT-Cter peptide solubilized in HFIP and bound to a DOPE monolayer after its injection into the subphase using a HFIP solution. Would similar results be obtained if this peptide were injected into the subphase in a H-MeOH solution? Would one then get the same spectrum as that in H-MeOH (Fig. S6C) ? In this regard, as can be seen in Figs. S6A, B and D, quite similar spectra have been obtained for the RDH8-Cter, RDH11-Nter and R9AP-Cter peptides when comparing the solution spectrum with that in monolayer (using the same solvent to inject the peptide into the subphase). However, as previously stated, the presence of the lipid monolayer resulted in a significant ordering of the RDH8-Cter peptide (Fig. S6A) . Finally, one can wonder whether a similar spectrum for the peptides can be obtained in solution and as a pure monolayer (in the absence of a lipid monolayer). As shown in Fig. S7 , all peptides are more ordered in monolayer than in solution except for the LRAT-Cter peptide. All of these peptides contain at least one Cys. One could then expect that peptide aggregation could be observed when pure peptides are sitting as a pure monolayer at the air-water interface. This is clearly not the case for the RDH11-Nter, LRAT-Cter and R9AP-Cter peptides. However, the amide I band of the RDH8-Cter peptide is wide enough to include some disordered structures even though β-mercaptoethanol was present in the subphase.
The solvent thus plays a moderate to critical role in modulating the secondary structure of transmembrane hydrophobic peptides but measurements with additional peptides would allow to draw more general conclusions.
6.3. Effect of the lipid monolayer on peptide structure and its relationship with the maximum insertion pressure
The RDH8-Cter and LRAT-Cter peptides are the most disordered ones in the absence of a lipid monolayer. However, their order was significantly improved in the presence of the DOPE monolayer (Fig. 10A  and C, respectively) . In contrast, the highly ordered RDH11-Nter and R9AP-Cter peptides in the absence of a lipid monolayer (the amide I bandwidth of the RDH11-Nter and R9AP-Cter peptides is very similar and very small, Fig. S5B ) become less ordered in the presence of a DOPE monolayer. Indeed, lipid monolayer binding by these peptides resulted in the formation of a β-sheet structural component in addition to α-helices (Fig. 10B and D, respectively) . Only one type of phospholipid has been assayed within the scope of this review. DOPE forms a fluid phospholipid monolayer in the liquid-expanded state. Among the four peptides assayed, only the RDH11-Nter and R9AP-Cter peptides contain a long α-helical segment. One could thus postulate that peptides containing such α-helical segments could suffer from binding lipids in a fluid physical state as for the DOPE monolayer. Measurements of PM-IRRAS spectra in the presence of phospholipids in the solid-condensed state, such as DSPC (1,2-distearoyl-sn-glycero-3-phospho-choline), could allow to determine if this physical state could permit to retain the secondary structure of these peptides. In addition, in order to get a clear idea of the importance of lipids on the anchoring of proteins bearing a transmembrane segment to membranes, measurements must be performed using a wide range of different lipids found in the membrane where the protein is located. Also, measurements with charged lipids could allow to find out the peptide preference for the inner leaflet of the membrane, whereas measurements with mixtures of saturated phospholipids, sphingomyelin and cholesterol could allow to figure out whether it is located in rafts. Additional measurements using the protein with its transmembrane hydrophobic segment would then be necessary to confirm the conclusions drawn with the peptides. Moreover, we have previously shown that MIP measurements could allow to determine the preference of proteins for saturated or unsaturated phospholipids [205] . However, it is most useful to find out whether a relationship can be found between the values of MIP and the peptide secondary structure observed in monolayers. Similar values of MIP have been obtained with the RDH8-Cter, RDH11-Nter and LRAT-Cter peptides whereas a significantly lower value of MIP has been obtained with the R9AP-Cter peptide (Fig. 7B) . In contrast, the R9AP-Cter peptide is the most highly ordered one with the thinnest amide I bandwidth in the presence of a DOPE monolayer. Nevertheless, the MIP of this peptide is larger than the postulated lateral pressure of membranes [206] [207] [208] [209] [210] [211] [212] [213] . Measurements with additional lipids in different physical states could allow to improve our understanding of the relationship between MIP values and peptide secondary structure. An orientation close to 50°w ith respect to the normal of the monolayer has been estimated for the RDH11-Nter and R9AP-Cter peptides (in the absence of a DOPE monolayer) as well of the LRAT-Cter peptide (in the presence of a DOPE monolayer) (Section 5.2). It has been previously argued that the tilt of a single transmembrane α-helix depends on the hydrophobic length of the peptide: a greater length of peptide would result in a greater angle of the helix axis with respect to the bilayer normal [350] . Similarly, the tilt of a transmembrane peptide with respect to the normal of the bilayer was shown to decrease with the length of the fatty acyl chains of phospholipids [197] . The thinner is the bilayer, and the larger is the tilt angle of the transmembrane α-helical hydrophobic peptide. For example, a tilt angle of 51°has been observed for a bilayer made of phospholipids with very short fatty acyl chains (C10:0) [197] , which is very close to the value of 50°observed for the RDH11-Nter, LRAT-Cter and R9AP-Cter peptides in monolayers. A survey of 45 transmembrane helices has shown that their helices are tilted with respect to the bilayer normal up to 35° [351] . Likewise, the longer transmembrane α-helices of rhodopsin are tilted up to 33°with respect to the normal of the bilayer plane presumably because of the hydrophobic mismatch between their length and the thickness of the bilayer [349] . The orientation of transmembrane α-helical hydrophobic peptides has been shown to depend on hydrophobic mismatch in lipid bilayers [197] [198] [199] [200] . As previously postulated [58] and discussed in Section 4.1, the orientation of the RDH11-Nter, LRAT-Cter and R9AP-Cter peptides could result from differences between the thickness of the lipid monolayer and the length of these peptides.
Peptides showing properties typical of hydrophobic transmembrane segments
It is useful to summarize the data to figure out which peptides reviewed in this paper most likely allow membrane anchoring of proteins. Transmembrane hydrophobic peptides typically have an α-helical structure [346] . The RDH8-Cter peptide contains the smallest percentage of hydrophobic amino acids and of residues having the tendency to be found in a transmembrane helix (Table 1) . It has been classified in the surface seeking category with the Eisenberg plot (Fig. S2 ) and its structure prediction and model included only a small α-helical segment (Figs. 1 and 2B ). Its structure in solution includes several different components (Fig. 2B ). In addition, the bandwidth of its amide I band in monolayer is by far the largest compared to the other peptides (Figs. 10A and S5A ), thereby suggesting that it includes a fair amount of disordered structures together with α-helical structures. Therefore, it is unlikely that this peptide could serve by itself to anchor the RDH8 protein. It could however allow membrane anchoring of RDH8 through acylation of one or more of the three C-terminal cysteines of this peptide, as previously postulated [44] . The RDH11-Nter, LRAT-Cter and R9AP-Cter peptides contain a similar percentage of hydrophobic amino acids (Table 1) and they are all found in the transmembrane category with the Eisenberg plot (Fig. S2) . The RDH11-Nter peptide was predicted to contain mainly α-helical structural elements (Figs. 1 and 2D ). This was quite consistent with the infrared and circular dichroism spectra in solution ( Fig. 2C and D) , although the length of these α-helices is most likely reduced in methanol (see Section 3.2). This α-helical structure is maintained in monolayers but a β-sheet component is appearing in the presence of a fluid phospholipid monolayer (Fig. 10B) . This peptide thus behaves as expected for a transmembrane peptide and could therefore allow membrane anchoring of the RDH11 protein. The LRAT-Cter peptide was predicted to contain a partial α-helical structure (Figs. 1 and 2F) . However, it contains the largest number of residues having the tendency to be found in a transmembrane helix (93%, Table 1 ). Among the four studied peptides, the secondary structure of the LRAT-Cter peptide is the only one which is highly solvent- (Fig. 2F ) and lipid-dependent (Fig. 10C) . It is also the only one that might be influenced by the propensity of HFIP to favor the formation of α-helical structure. Nevertheless, a large β-sheet component is observed in monolayers when injected into the subphase using HFIP whereas only an α-helical structure is observed in the presence of a phospholipid monolayer (Fig. 10C) . Altogether, these data suggest, as previously proposed [58] , that this peptide is showing properties typical of transmembrane peptides and that it could allow anchoring of LRAT to the membrane. Finally, the R9AP-Cter peptide contains the largest number of hydrophobic residues (Table 1) . It is also the only one which is predicted to include a long α-helix (Figs. 1 and 2H ). This is consistent with the observation of the largest value of ellipticity and the smallest amide I bandwidth for this peptide both in solution and in monolayers compared to the other ones (Figs. 2G-H, 3, and S5A ). Therefore, this peptide also behaves as a transmembrane peptide and it could thus be involved in the membrane anchoring of R9AP. 
